Measurements of the attenuation of longitudinal ultrasound in superconducting UPt3 show a peak, below H, 2, which depends strongly on the orientation of the field relative to the c axis. We propose an explanation of this peak in terms of a vortex phase transition in an unconventional superconducting state, which is consistent with recent neutron-scattering data. PACS numbers: 74.30.Gn, 62.80.+f, 74.70.Tx Ultrasonic attenuation measurements have been performed in UPt3 with both longitudinal and shear waves. ' " Both the observed power-law temperature dependence and the anisotropy in the attenuation of shear waves suggest an unconventional superconducting state in UPt3. A curious A, -shaped peak in the temperature dependence just below T, (Ref. 2) has also been observed.
Recently, gian et al. and Miiller et al. observed a peak in the magnetic field dependence of the ultrasonic attenuation.
Measurements with shear waves propagating in the basal plane failed to show this peak. These observations prompted immediate speculation that the peak is associated with a phase transition; either a structural transition in which case the symmetry of the Aux lattice changes, or a vortex-core transition in which the symmetry and structure of the order parameter changes within the core of each vortex, analogous to the vortex-core transition in superAuid He-B.
Either scenario is a priori plausible if the superconducting state of UPt3 is described by an unconventional order parameter. Evidence of a phase transition in a magnetic field has also been seen with a torsional oscillator.
In this Letter we report extensive measurements that demonstrate the following: (l) The attenuation peak in the magnetic field is observed with longitudinal sound propagating in the basal plane as well as along the c axis (no peak is observed for shear waves).
(2) There is a large anisotropy in the field strength H FL of the above-mentioned peak. H pL decreases as the field is tilted away from the c axis.
(3) The k peak just below T, is also seen with longitudinal sound propagating in the basal plane as well as along the c axis (once again, no peak is observed for shear waves).
(4) There are two additional features in the attenuation data in the superconducting state. A broad shoulder versus magnetic field, above HFL, and another shoulder versus temperature, below the k peak. We have made measurements on two diA'erent samples, referred to as l and 2. The starting materials were somewhat better for sample 2. The transition temperatures T, (measured inductively) were 508 and 530 mK, with transition widths of 30 and 15 mK, respectively; the second sample was clearly better. The attenuation change between the normal and superconducting state was larger in sample 2. In the first sample we observed only the field peak at HFL. The second sample showed the X peak and the two shoulders, versus temperature and magnetic field, respectively, in addition to the field peak.
In Fig. 1 , we show the attenuation of ultrasound in temperature sweeps at zero field for sample 2. The data for q II c clearly show a peak in the attenuation just below T"and a shoulder at lower temperatures. Neither of 332 l989 The American Physical Society VOLUME 62, NUMBER 3 PHYSICAL REVIEW LETTERS Magnetic field dependence of the attenuation for two diA'erent propagation directions and angles of the magnetic field with respect to the c axis. The peak in the attenuation occurs at HFL=0. 65 T (0.78 T) for qllc and 0=85 (q lib, e=45 ) these features are as clear for q II 1 at this frequency (240 MHz), but the X peak was present at low frequencies (25 and 75 MHz), and the shoulder was observed at a higher frequency (460 MHz). The temperature dependence of the attenuation below 0.4 K (below the shoulder) can be fitted by a -T", with n = 1.2 (1.3) for q II c (q II b).
In Fig. 2 , we plot the attenuation (again for sample 2) versus magnetic field (8 measured from the c axis, in the a-c plane). The temperature was 70 mK for qllb and 140 mK for qllc. The difference in field at the peak (HFL=0.65 and 0.78 T) is due to anisotropy, and not the difference in temperature.
We identify the large increase in attenuation at very low fields ( (20 mT) with heating due to fiux motion close to H,~( -10mT). Above H, 2 ( -2.0 T along the c axis) the attenuation flattens out. However, below H, 2 there is again a broad shoulder, which is more clearly evident with sound propagating along the c axis. The change in attenuation a(H, 2)a(0) is larger for qllb than for qllc. A smaller attenuation diA'erence for the two propagation directions was seen in the temperature data (Fig. 1 ). The larger difference versus magnetic field is due to the field dependence of the normal-state attenuation. This was verified in fields up to 8 T. Although the two curves, HFL from field sweeps and T& from temperature sweeps, may merge as suggested in Ref. 5, we are hesitant in identifying these two phenomena as the same. At a field &0.2 T, the X peak is substantially broadened and the same is true for the field peak at temperatures above -350 mK. The errors in both HFL and T~, close to the point where the two curves would meet, are therefore too large to make this assertion.
In addition, there are the two broad features (shoulders), seen below Tq in temperature sweeps and above HFL in field sweeps, respectively. Although we could not track these features versus temperature and field (because they are so broad), they may be indications of additional phase boundaries in the superconducting state.
If we postulate that there are no more than two phase boundaries, we have to connect the shoulder seen in the field sweeps with the X peak, and the shoulder seen in temperature sweeps with the field peak, for the phase boundaries not to cross. It should be noted that the two phase boundaries would have to come very close to each other at -0.5 T and 450 mK, which is also very close to H"(7 ).
Although there is considerable literature on the possibility of unconventional pairing in UPt3, ' the symmetry class of the order parameter is not known with certainty.
Using neutron-scattering measurements of the dynamic spin susceptibility, several authors" have constructed semiphenomenological models in which the pairing interaction is mediated by the exchange of antiferromagnetic spin Auctuations. These authors agree that such a pairing mechanism leads to an unconventional even-parity (singlet) state in UPts. In particular, Putikka and Joynt' predict that the order parameter belongs to the two-dimensional representation Eig of D6, and may be written in the form A(k) =ho[@) 8(k) + r12&(k) 1, where (rl~, r12) are complex amplitudes that transform as a vector, rl = rltx+ r12y, in the plane perpendicular to the c axis, and [0(k),g(k)j are the basis functions of Etg given in Table I Using the GL theory for the two-dimensional representations of D6, Volovik' noted that the order parameter at the upper critical field H, 2, for fields along the c axis, is proportional to rl+ -x+t'y; there is no degeneracy at 8,2 with the complex-conjugate solu(ion. He further proposed that the peak in the acoustic attenuation be identified with a transition from the state rlx (or rly), which he assumed to be stable in zero field We propose an alternative explanation for the fielddependent transition that is consistent with the low-field solution of Ref. 12. We have solved the GL equations for a single vortex in the background phase g+ (and 334 rl-). For the field oriented along the c axis, we find that, over a sizable region of the GL phase diagram, the minimum-energy vortex solution exhibits a spontaneously broken axial symmetry in which the vortex core has lower symmetry than C6. The asymmetry of the vortex core is clearly indicated by the density n, -~r 1(x)s hown in Fig. 4 . The triangular vortex core has dimensions of roughly 6(Gt, where (Gt, =(x&/~a~) ' is a GL coherence length, and has a nonvanishing superAuid density. Most importantly, the order parameter inside the core is not the phase g+, but rather the complexconjugate phase g . We find a stable solution to the GL equations with this structure for 0& p2/p&~0. 30. For larger values of p2/p~w e obtain only axially symmetric solutions with a normal vortex core, i.e. , n, =0 at the center of the vortex.
The existence of vortices in the order parameter g+ with a core of the complex-conjugate phase g -is important for the evolution of the mixed state in high magnetic Geld. As H-H, 2, and vortices become closely packed, the dominant superconducting phase is that of the core, i.e. , g -,unless there is a vortex-core transition. This must be the case, since precisely at H, 2 the lowest-energy solution of the linearized GL equations (determined by the gradient terms) is proportional to g~, which has diAerent symmetry than that of g -.It is clear that the transition is induced by the vortex-vortex interactions' and occurs when the vortices become closely spaced. Qualitatively, we estimate the transition field to occur when the intervortex spacing is comparable to the size of the core, i.e. , when d=6(ot. or HFt. -H, 2/J6. There is no a priori reason for this transition to abruptly disappear when the field is tipped away from the c axis, although the vortex structure and order parameter are expected to show considerable anisotropy. However, more work is required to establish whether or not this vortexcore transition is correctly identified with the peak observed in high-field ultrasound studies.
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